The indoor coverage of a mobile service can be drastically improved by the deployment of an indoor femtocell base station (FBS). However, the impact of its proximity on the total exposure of the human body to radio-frequency (RF) electromagnetic fields (EMF) is unknown. Using a framework designed for the combination of near-field and far-field exposure, the authors assessed and compared the RF-EMF exposure of a mobile phone user that is either connected to an FBS or a conventional macrocell base station while in an office environment. It is found that, in average macrocell coverage and mobile phone use-time conditions and for UMTS (Universal Mobile Telecommunications System) technology, the total exposure can be reduced by a factor 20 to 40 by using an FBS, mostly due to the significant decrease in the output power of the mobile phone. In general, the framework presented in this study can be used for any exposure scenario, featuring any number of technologies, base stations and/or access points, users, and duration.
INTRODUCTION
Recent advancements in mobile technologies include the development of the femtocell base station (FBS), a miniature base station specifically designed for the enhancement of the coverage and capacity of a mobile service in a small, indoor environment (e.g., an office, or a home). Generally installed in rooms readily accessible to the users of the mobile service, the burden of the FBS on the users' exposure to radio-frequency (RF) electromagnetic fields (EMF), however, is uncertain. Furthermore, the general public might feel an inhibition about the deployment of a base station in their home or office (1) .
In general, RF-EMF exposure can be divided into two categories, according to proximity of the RF-EMF source to the body. On the one hand, people are exposed to near-field (NF) sources, which are generally controlled by the user, and operated in close vicinity to the body (e.g., mobile phones, tablets, etc.). Because of its proximity to the body, an NF source causes a highly-varying localized exposure (e.g., in the head or in the leg) that can temporarily reach relatively high values in terms of the specific absorption rate (SAR). On the other hand, the population is exposed to far-field (FF) sources, such as base stations and (radio) transmitters, which are usually located much farther away from the body, and emit a near-continuous background radiation that impacts the whole body, but with exposure levels that are relatively low compared to the levels caused by NF sources (in operation).
As far as the authors know, there have been only two previous studies on the assessment of RF-EMF exposure from an FBS. In Ref. (2) , the (received and transmitted) signal powers of a mobile phone were compared between FBS and MBS scenarios, while in Ref. (3) , the relative exposure of a mobile-phone user in a home environment is calculated in the presence and absence of an FBS, using a power model. In this study, the authors take a different approach to quantify the effect of the FBS's presence on the total RF-EMF exposure, based on the framework presented in Ref. (4) , which combines the contributions of FF and NF sources to the total exposure and introduces a new exposure metric, i.e., the RF-EMF dose absorbed by the human body. The approach is applied to a scenario in which a single mobile-phone user in an office environment is either connected to a regular (outdoor) macrocell base station (MBS) or to the introduced (indoor) FBS. Due to the proximity of the FBS to the user, on the one hand, the user's mobile phone is expected to transmit at a lower output power compared to a connection with an MBS, effectively reducing the NF exposure of the user (2, 3) , while simultaneously, on the other hand, there will be an increased FF contribution to the total exposure (3) . The authors assess in which use case (i.e., considering the use-time of the mobile phone and the initial MBS coverage) the deployment of an FBS would effectively result in a decrease of the total exposure. It should be noted that only the whole-body exposure is considered here, and that the assessment of the localized exposure is outside the scope of this study.
MATERIALS AND METHOD

Measurements
Base Stations. The femtocell base station (FBS) considered in this study was of the type ePico3801B (Huawei, Shenzhen, Guangdong, China), with dimensions of approximately 20 cm x 5 cm x 15 cm, plus an antenna with a length of approximately 15 cm on top. The FBS used the UMTS (Universal Mobile Telecommunications System) technology, with a downlink (i.e., the signal from the base station to the mobile phone) frequency of 2151.6 MHz, and an uplink (i.e., the signal from the mobile phone to the base station) frequency of 1957.6 MHz. 
In other words, the FBS had an output power of 10 dBm. Measurement Method. At each measurement location, the maximum and minimum TX values, and the RSSI value were captured (after they had stabilized) along four orthogonal orientations, after which the averages of the four orientations were retained as measurement values at the respective measurement location. This averaging was done to account for the influence of the mobile antenna directivity (2) . The mobile phone was held horizontally by the experimenter on the palm of his hand, at 1.3 m above the floor, and 0.3 m from the body (the upper arm was held to the body, the lower arm at a 90 degrees angle). It should be noted that RSSI is merely a measure of the power present in the received (downlink) signal, and that there was no direct link known beforehand between the measured RSSI value at location i and the 
with D DL the downlink dose (due to far-field sources), and D UL the uplink dose (due to nearfield sources).
The downlink dose, D DL (J/kg), is calculated as follows (4) , ,
with T exp the exposure time in s (i.e., the time the exposed person spends in the considered exposure scenario), SAR DL is the normalized (to an incident power density, S, of 1 W/m 2 )
whole-body SAR due to the exposure to the base station downlink signal, and S DL is the power density of the incident downlink signal (in W/m 2 ). From simulations (4) , SAR DL was found to be 3 mW/kg per 1 W/m 2 incident power density for a frequency of 2150 MHz, and as the FBS and MBS in this study have a similar downlink frequency (2151.6 and 2162 MHz, respectively), this value was used in Equation (3) (6) ), S DL,RSSI (in W/m 2 ), to the correct power density values,
with f cal a dimensionless calibration factor.
The SA setup used for the calibration measurements consisted of a PCD 8250 antenna (ARC Seibersdorf Research GmbH, Seibersdorf, Austria), with a dynamic range of 1.1 mV/m -100 V/m and a frequency range of 80 MHz -3 GHz, in combination with an SA of type R&S FSL6 with frequency range 9 kHz -6 GHz (Rohde & Schwarz, Zaventem, Belgium). The measurement uncertainty (the expanded uncertainty evaluated using a confidence interval of 95%) for the considered setup is ± 3 dB (7, 8) .
Secondly, the uplink dose, D UL , (J/kg), is calculated as follows (4) , ,
with T use is the use-time or call-time in s of the mobile phone during the total exposure time T exp defined above in Equation (3), SAR UL the normalized (to an output power of the mobile phone of 1 W) whole-body SAR due to the exposure to the mobile device's uplink signal, and P UL the average power (in W) of the uplink signal during the scenario. In the Qualifex study (9) , this value was used in Equation (5) throughout the calculations.
RESULTS AND DISCUSSION
Measurements
The measurements performed in this study (both with the mobile phone and the SA) are summarized inTable 1. Additionally, Figure In the FBS-corridor scenario, a total of 50 measurements were performed, with 28 positions (up to 18 m distance) in LOS of the FBS (see also Figure 1 ), a division that can also be observed in Figure 2 , where a sudden drop in RSSI and a simultaneous rise in TX is observed at 18 m. On average, we observed an RSSI of -66 dBm and a TX of -33 dBm along the corridor ( TX of +23 dBm were measured just before the connection dropped (Table 1) . On the staircase, values of -95 dBm and -2 dBm were measured for RSSI and TX, respectively. The UMTS signal reception in these scenarios is thus 11 to 18 dB lower than the average reception in the corridor.
The ranges for TX and RSSI found in this study can be compared to those described in .
Calibration
The SA measurements were used to calibrate the power densities derived from the RSSI measurements with the mobile phone. The calibration factor, f cal , defined in Equation (4), was found to be 98.6. The results of the calibration are shown in Figure 3 . The same trend can be observed for both the SA measurements and the calibrated mobile phone measurements, i.e., a decrease in power density farther from the FBS. Overall, SA measurements and calibrated mobile phone measurements seem to agree quite well, with an average calibration error of 4.3 dB. However, both the SA and mobile phone data show a random variation around this value.
Exposure Comparison The results of the dose calculations as a function of the mobile-phone use-time, T use , are shown
in Figure 4 , while * The uplink dose, DUL, in the FBS scenario is independent of the output power of the FBS, PFBS. Table 2 gives an overview of the downlink doses and the uplink doses calculated for the average use-times of 9.1 s/h (9) and 41.3 s/h (3) found in the literature. 
For all three MBS scenarios, the dose is entirely dependent on T use , or in other words
Discussion
The authors experimentally demonstrated that the indoor deployment of a femtocell base station could reduce the RF-EMF exposure of a mobile phone (UMTS technology) user by a factor 20 to 40, considering average macrocell coverage and mobile phone use-time conditions. In order to assess and compare the total whole-body exposure of the mobile-phone user, a framework was used to combine the downlink and uplink exposure into a single exposure proxy: the dose (the RF-EMF energy absorbed by the whole body during the exposure time).
The authors assumed that the output power of the mobile phone at a certain location would be the same if the phone was held in front of the body (as was done in the study) or close to the head (as was assumed in the dose calculations). The former configuration was preferred in this study in order to be able to read the measured power values. Future research will assess the difference in output powers for different configurations (e.g., to the ear, or in the pocket).
It should further be noted that if instead of UMTS, GSM900 or GSM1800 (Global System for Mobile Communications, at 900 or 1800 MHz) were considered, the NF contributions to the total exposure would have been higher, due to the higher average output power of GSM mobile phones (10) . This would especially effect the dose in MBS scenarios.
The localized exposure due to the mobile phone was not considered here. A similar approach can however be taken to calculate the localized dose, e.g., by replacing SAR UL by the maximum SAR in 10 g of tissue, SAR 10g,max , as measured by e.g., the FCC, and weight it by the ratio between the mobile phone's TX and TX max (10) .
Essentially, the average specific absorption rate (SAR) in the whole body of a certain user is determined during a particular exposure scenario, and multiplied by the time spent by the user in this scenario. Hence, it is possible to compare our results with the SAR limits issued by ICNIRP (11) (satisfying the limits, as stated above). However, the authors believe that by taking into account the cumulative exposure (through T use and T exp ), the framework presented herein can be of important use in epidemiological studies. While these studies (12) often use cumulative call-time as an exposure proxy, they do not consider the output power of the mobile phone (as was done in this study), which is essential for a correct classification of the total exposure of a user.
CONCLUSIONS
The impact of the use of an indoor femtocell base station on a mobile phone user's total exposure to radio-frequency electromagnetic fields is assessed in case of an office scenario. It is found that, unless the mobile phone is not used, even for an average macrocell coverage, the deployment of a femtocell base station could drastically reduce the user's RF-EMF exposure, although the magnitude of the reduction depends heavily on the mobile-phone use-time and the quality of the conventional macrocell base station's signal, and is found to be a factor of 20 to 40 in average conditions. In general, the framework presented in this study can be used for LIST OF CAPTIONS Table 1 : Overview of the measurements performed in this study; using a mobile phone and a spectrum analyzer.
* The uplink dose, DUL, in the FBS scenario is independent of the output power of the FBS, PFBS. 
